Introduction
Acicular ferrite (AF) 1) induced by effective inclusion has a good effect on the toughness and crack ductility of steel, which is attributed to the chaotic arrangement of the ferrite plates. 2) For a long time, the research of AF has been focused on the heat affected-zone (HAZ) and high strength low alloy steel (HSLA). As a prerequisite, the inclusions with appropriate ingredients are essential for obtaining AF. The reported literatures [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] showed effective inclusions have gradually developed from single inclusions (like TiN, [3] [4] [5] Ti 2 O 3 , 6-8) CuS, 9) etc.) to complex non-metallic inclusions (like Al 2 O 3 -MgO-ZrO 2 , 10) MgO-Al 2 O 3 -SiO 2 -MnO, 11) MgO-Al 2 O 3 -MnS, 12) etc.).
Ti oxides are often used as effective inclusions to induce AF nucleation through producing a Mn-depletion zone (MDZ) around that. 6, 13, 14) However, in Ti-deoxidized steel, Ti 2 O 3 as the thermodynamically stable oxide tends to segregate in the interdendritic region during solidification, which will not allow that to be evenly dispersed in the steel. In this regard, some researchers [15] [16] [17] [18] have tried to add another deoxidizer to steel on the basis of Ti deoxidation in order to avoid the occurrence of Ti oxides segregation. Zr is congeners of Ti and has many similar characteristics with Ti. 19) But unlike Ti 2 O 3 , the Zr deoxidation product ZrO 2 could
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KEY WORDS: acicular ferrite; Ti-Zr-O-MnS inclusion; optimal size; nucleation mechanism; Ti-Zr deoxidized steel. be well captured by solid phase during solidification and homogeneously distributed in steel matrix. 20) On this basis, M. Wakoh et al. 21) tried to treat Ti-bearing steel with Zr, and found the addition of Zr could refine and modify the inclusions. The modified Mn-Si-Ti-Zr-O composite inclusions could become the nucleation core of MnS and induce AF nucleation during solidification. From then on, the study of Ti-Zr complex inclusion inducing AF has raised lots of concerns. The researches mainly focused on the cooling phase transformation processes of Ti-Zr deoxidized steel in solidification, thermal processing and welding. [22] [23] [24] [25] [26] In the smelting and solidification process, F. Chai et al. 22) found only adding proper amount of Zr to Ti treated steel could obtain a large number of small size Ti-Zr oxides which could induce AF nucleation. To trace the mechanism of AF nucleation, X. L. Wan et al. 23, 24) using first principles obtained that Mn in matrix could spontaneously diffuse to Ti-Zr oxide inclusions, which could promote the AF nucleation due to the MDZ formation in the vicinity of inclusions. Moreover, the AF nucleation was also found in Ti-Zr deoxidation steel during hot deformation. 25) Compared with Al deoxidized steel, Ti-Zr deoxidation steel contained a large number of Ti-Zr oxides, which could obviously improve tensile strength and low-temperature impact toughness by inducing AF to refine the coarse austenite grain size. 18) In addition to smelting to obtain Ti-Zr steel, the Ti-Zr alloy powders were also added into the weld groove to join in D36 steel in welding process. And for the welding steel, the inclusion size was refined, the mechanical properties were promoted obviously. 26) From the literature presented above, the previous studies have confirmed that adding Ti-Zr into steel would refine the inclusions and improve the steel properties. But for Ti-Zr deoxidized steel, the change regulation of inclusions in solidification process and the optimal size of Ti-Zr oxides inducing AF had few studies. With regard to the AF nucleation mechanism and the reason of MDZ in the vicinity of Ti-Zr oxides formed still need for in-depth investigate.
Therefore, the purpose of this paper is to add Ti-Zr as deoxidizer, investigating the composition and size distribution of inclusions as well as the solidification microstructure of ingot samples handled by Ti-Zr, exploring the evolution of inclusions during solidification, the optimal size of Ti-Zr oxides inducing AF, and the mechanism of AF nucleation.
Experimental Procedures
The experimental ingots were obtained by melting in a 30 kg vacuum induction furnace. The chemical compositions of prepared ingots were shown in Table 1 . In smelting process, after adding other alloying elements, 1#Steel was deoxidized by Si-Mn, while 2#Steel added Ti-Zr on the basis of Si-Mn deoxidization for deep deoxidization. For the sake of avoiding the influence of Al, the raw materials used in the experiment were all high-purity.
The samples, which size of 8 mm × 8 mm × 10 mm, were sectioned from the center of the ingots. The optical microscope (OM, OLYMPUS DSX500) and scanning electron microscope (SEM, ULTRA PLUS) equipped with an energy-dispersive spectrometer (EDS) were carried out to analyze the inclusion characteristics after all specimens were treated by standard grinding and polishing. For the analysis of inclusion size distribution, 64 fields of view were randomly selected at 500 × magnification under OM, and then the image process software, Image Pro Plus 6.0, was used for statistical analysis. The microstructures and the effective inclusions of the samples were analyzed by OM, SEM-EDS and electron probe microanalysis (EPMA, JXA-8530F) after etching in 4% Nital (volume fraction) for 20 s.
Thermodynamic software, Thermo-Calc, can be used to predict the inclusion characteristics during solidification and calculate the nucleation driving force of ferrite during austenite decomposition. The Thermo-Calc-2017b was used in the present study. The calculation was based on the TCS Steel/Fe-Alloys Database 9.0 (TCFE9). The composition of Al which was used for the calculation was set to 0.002%, although the actual content of Al was less than 0.002% in the steels.
Results and Discussion

Non-metallic Inclusions
The morphology and energy spectrum analysis of the typical inclusions in the experimental steels were shown in Fig. 1 . In 1#Steel, the shapes of typical inclusions were mainly spherical, and the compositions were MnO-SiO 2 and the complex inclusion composed of MnO-SiO 2 and MnS. Figure 3 showed the results of equilibrium calculations of precipitated inclusions in the experimental steels. It can be found from Fig. 3 (a) that a small amount of Al 2 O 3 would inevitably be generated in the initial cooling stage because the calculation assumed that the content of Al was 0.002% and its binding capacity with [O] Fig. 1 . When the calculating temperature dropped to 1 000°C, the inclusions precipitation were basically balanced and the equilibrium phases were mainly Rhodonite phase (MnSiO 3 ), MnS phase and Corundum phase (Al 2 O 3 ), which constituted the main inclusion types in 1#Steel.
For 2#Steel solidification equilibrium, the addition of Ti-Zr made ZrO 2 first formed in steel, as shown in Fig.  3(b) , which was mainly the strong deoxidization ability of Zr. The Corundum phase precipitated when the temperature was cooled to 1 561°C. Unlike 1#Steel, the 2#Steel Corundum phase was (Al, Ti) 2 O 3 . However, for the Ti-Zr-(Al-) O inclusion observed by SEM-EDS, whether the Ti oxide was Ti 2 O 3 or Ti 3 O 5 needed to be determined by transmission electron microscope or Raman spectra. Here, we collectively referred to the observed Ti oxides as TiOx. As the cooling temperature decreased, FCC_A1#2 phase (TiN) precipitated, because the product of [mass%Ti] and [mass%N] reached the critical value of precipitation. For the location of TiN precipitation, it had been reported that it was easy to precipitate on Zr oxides, 27) but we found that the most TiN existed as single-phase rather than precipitated on other phases. At the same time, the liquid inclusions MnS were formed, until the temperature dropped to 1 300°C, the liquid MnS converted to solid-phase MnS. Because of the existence of ZrO 2 phase and Corundum phase in steel, MnS would preferentially nucleate on that, as shown in Figs. 1(d)-1(e) . When the calculating temperature dropped to 1 000°C, the inclusions precipitation were basically balanced and the equilibrium phases were mainly FCC_A1#2 phase (TiN), MnS phase, ZrO 2 phase and Corundum phase ((Al, Ti) 2 O 3 ), which constituted the main inclusion types in 2#Steel. Based on the above analysis, the equilibrium calculation result could consistent with the results of SEM-EDS measurements, and the evolution of inclusions during solidification could easily understand.
The size distribution, number density and proportion of inclusions contained in experimental steels were shown in Fig. 4 . As can be seen from Fig. 4(a) , for small size inclusions (inclusion size < 1.0 μm), the ratio of 2#Steel was obviously higher than that of 1#Steel, and in the proportion of inclusion size distribution larger than 3 μm, the number of inclusions in 2#Steel only 8.9% was less than 18.5% of 1#Steel. Moreover, Fig. 4(b) showed although the number density of inclusions in 2#Steel was greater than 1#Steel, the percentage of inclusion area was less than 1#Steel, which indicated that the average diameter of inclusions in 2#Steel was less than 1#Steel. Calculating the average diameter of inclusions, in 2#Steel, the inclusions average diameter was only 1.56 μm, which was far less than 2.38 μm in 1#Steel. These observation implied that addition Ti-Zr for deep deoxidization can refine the inclusions size. 21, 22) Figure 5 presented the optical microstructures of the as-casted experimental steels. As can be seen from Figs. 5(a)-5(b), the microstructure of 1#Steel was a combination microstructure of grain boundary ferrite (GBF), ferrite side plate (FSP), banded ferrite (BF), polygonal ferrite (PF) and pearlite (P). While for the 2#Steel, as shown in Figs. 5(c)-5(d), the microstructure consisted a large number of intragranular acicular ferrite (AF), besides of GBF, FSP, PF and P. It was worth to note that the AF not only included the AF induced by the intragranular inclusions, but also contained the sympathetic ferrite that induced by primary AF plates. From the characteristics of inclusions, the number of inclusions in 2#Steel was less than that reported in other literatures, 10, 11, 13) but the proportion of fairly chaotic arrangement ferrite plates was little difference. Therefore, in the present study the AF nucleation may be not only induced by inclusions, but also induced by primary ferrite, dislocation, 28, 29) and other intragranular defects.
Optical Microstructure
In order to further comprehend the AF induced by inclusions in 2#Steel, the etched microstructure was characterized by SEM and EDS, as shown in Fig. 6 . It can be seen that a typical AF lath nucleated on an inclusion. In addition, three ferrite laths in other different directions were induced by the AF lath due to the sympathetic nucleation mecha- nism. The shape of inclusions induced acicular ferrite was similar to a spherical complex particle, and the size was about 2.0 μm. From the spectra patterns of EDS, the main component of the inclusion was Ti-Zr oxide.
Effect of Inclusion Size on the AF Nucleation
Inclusion size has a great influence on AF nucleation. It can be found from previous studies that the optimum size of different inclusions inducing AF nucleation was different. The Table 2 listed the optimal size of inclusions reported in some references. 9, 15, [30] [31] [32] [33] In this study, hundreds of Ti-Zr oxides in 2#Steel were chosen by SEM-EDS for statistical analysis. The proportion of effective inclusions inducing ferrite nucleation in each size was shown in Fig. 7 . For the effective inclusions, the proportion of size less than 0.5 μm was only 10.3%, which indicated that most fine inclusions (< 0.5 μm) can not be used to induce ferrite nucleation. Moreover, with the increase of inclusion size to 2.0 μm, the proportion of effective inclusions gradually increased. When the inclusions size at the range of 1.0-2.0 μm, the effective inclusions proportion reached the largest percentage 82.1%. For inclusions in the size range of 2.0-3.0 μm, the effective inclusion ratio decreased to 67.4%, and for inclusions larger than 3.0 μm, the effective inclusions ratio was only 52.3%. Therefore, for the sake of increasing the number of effective inclusions in the 2#Steel during solidification, it was important to control the size of inclusions in the range of 1.0-3.0 μm.
I. S. Bott et al. 34) constructed the physical model of ferrite nucleation on inclusions, and obtained the critical size of effective inclusions through Eq. (1). Where r k was the critical radius of inclusion; σ αγ was the interfacial free energy per unit of area of the α/γ ; 'G V DJ was Gibbs energy difference between the α phase and γ phase per unit of volume.
For convenience of calculation, assuming σ αγ was independent of temperature as 0.75 J/m 2 . 13) On this foundation, the driving force of ferrite nucleation and the critical diameter of effective inclusions at different temperatures were calculated, as shown in the Fig. 8 . When the transformation temperature of austenite to ferrite was at 650-700°C, the driving force of ferrite nucleation was 507.56-287.88 J/mol, and the critical diameter of effective inclusions inducing AF was 0.21-0.37 μm. Therefore, for Ti-Zr oxides less than 0.5 μm, AF nucleation can not be induced when the size of inclusions was less than the critical diameter. Similarly, there were also few Ti-Zr oxides cannot induce AF nucleation, although the size larger than the critical size. So it was worth pointing out the inclusions larger than the critical size was only a necessary condition for inducing ferrite nucle- ation, but not a sufficient condition. The specific reasons will be explained in the part of AF nucleation mechanism.
Mechanism of AF Formation
It was generally believed that the nucleation mechanisms of AF on inclusions were mainly as follows: inclusions served only as heterogeneous nucleation cores, reducing the nucleation barrier; 32) increasing the nucleation from the strain energy associated with the different thermal expansion coefficients of the inclusion and austenitic matrix; 35) solute element depletion 3, 36) or enrichment 37, 38) near the inclusions; epitaxial nucleation on the inclusion which had a good coherency with ferrite. 39) The inert interface mechanism indicated inclusions were an inert point for ferrite nucleation, and only when inclusions were larger than critical size may ferrite be nucleated. This had been discussed in section 3.3, and it was only necessary but not sufficient condition for ferrite nucleation to satisfy critical size of inclusions. In addition, for the stress-strain induction mechanism, it was gradually considered as a non-main mechanism because the strain energy produced by the stress was 3-4 orders of magnitude smaller than the nucleation driving force. 12) From the results of SEM mapping analysis in Fig. 2 , the MnS precipitated on the Ti-Zr-O inclusion, and the presence of MDZ around inclusion may be a major mechanism.
The EPMA was used for linear scanning analysis of inclusion, as shown in Fig. 9 . The MDZ existed in the vicinity of inclusion in the range of nearly 1 μm. As we all know, Mn is an austenite stable element, and the change of its content have a great effect on the driving force of ferrite nucleation. To illustrate the contribution of the MDZ to AF nucleation, the driving force for ferrite formation for different Mn contents was calculated with the composition of 2#Steel, and the results were shown in Fig. 10 . It can be seen that the formation of MDZ near inclusion can greatly improve the driving force of ferrite nucleation and promote the nucleation of ferrite on inclusion.
For the cause of MDZ formation, there were two main views in the published literature: one viewpoint was that MnS precipitated on the inclusions during solidification, resulting in Mn consumption near the inclusion; 40) another viewpoint was that there was cation vacancy on titanium oxide 13, 41) or anion vacancy on zirconium oxide, 24) and the Mn x + around the inclusion diffused into the inclusion and occupied the vacancy, resulting in Mn atoms around the inclusion being deficient. Although the Ti-Zr oxides studied in this paper were considered that there may be ionic vacancies, the results of inclusion mapping analysis by EPMA, as shown in Fig. 11 , showed that Mn elements were mainly 
Conclusions
The formation of non-metallic inclusion and acicular ferrite (AF) during solidification was investigated by adding Ti-Zr for deep deoxidation in carbon steel. The results obtained were as follows:
(1) Using Ti-Zr to deeply deoxidize can modify the inclusions from Mn-Si-O-MnS to Ti-Zr-O-MnS, and adding Ti-Zr to steel, the inclusion size was refined obviously, the number of small size inclusions increased significantly.
(2) Ti-Zr-O-MnS inclusion can act as the heterogeneous nucleation core of AF, and the favorable inclusion size for AF nucleation induced by Ti-Zr-O-MnS was in range of 1.0-3.0 μm.
(3) Inclusions larger than the critical size was only a necessary condition for inducing ferrite nucleation, but not a sufficient condition. In this study, MnS precipitated on Ti-Zr-O inclusion during solidification resulted in the formation of MDZ in the vicinity of inclusion, which was believed to be one of the possible mechanisms to promote the nucleation of AF.
